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INTRODUCTION
Titanium dioxide (TiO 2 ) is widely used as a pigment, as a catalyst support and as a photocatalyst, among others 1. This last application has attracted a great scientific and technological interest over the last years due to the exclusive set of properties of TiO 2 , such as a high chemical stability, resistance to photocorrosion and favourable band-edge position relative to the redox potentials for the decomposition of water, allowing for effective direct water splitting using light.
TiO 2 is habitually used in form of nanostructures, such as nanoparticles [24, 30, 37] , nanorods/nanowires [20, 26, 37] or nanotubes [1, 6-9, 13-15, 17-19, 22-36, 38] , to obtain high specific surfaces areas and, thus, to increase the photocatalytic activity. In the last years, TiO 2 nanotubes have gained increasing attention since they have several advantages with respect to other nanostructures due to their perfectly defined geometry (highly ordered nanotube arrays and a very precise control of their dimensions using the process of anodization for their synthesis) [1] . Furthermore, as the oxide nanotubes formed by anodization are grown directly on the metal substrate (back contact), they can be used directly as photoanodes, thus avoiding compaction or sintering of TiO 2 nanoparticles on the metallic substrate.
In recent publications, the influence of hydrodynamic conditions on the anodization process has been evaluated [31] , and it has been observed that under flux conditions the geometry of the formed nanostructures is different from that obtained under stagnant conditions, i.e., nanotubes. This new nanostructure, called nanosponge, provides better performance than tube morphologies, for example, for the water splitting process [31] .
In the present work, TiO 2 nanotubes and nanosponges have been obtained by anodization in a glicerol/water/NH 4 F mixture using different hydrodynamic conditions. The morphology and electronic properties of both nanostructures have been studied through different techniques, such as Scanning Electronic Microscopy (SEM), Raman Spectroscopy, Electrochemical Impedance Spectroscopy (EIS) measurements and MottSchottky (M-S) analysis. These properties have been correlated to the performance of both nanostructures as photocatalysts for water splitting.
MATERIALS AND METHODS
Anodization under hydrodynamic conditions was performed in a 2-electrode electrochemical cell with a rotating electrode configuration. The anode was a Teflon coated titanium rod (8 mm diameter, 99.3% purity) in a rotating electrode setup. For all experiments, 0.5 cm 2 of the sample was exposed to the electrolyte. Prior to the anodization process, the titanium rod surface was abraded with 500 to 4000 silicon carbide (SiC) papers, in order to obtain a mirror finish. After this, the sample was 
where ω is the rotation speed expressed in rad s −1 , r is the radius of the working electrode in cm and ρ and μ are the density in g cm −3 and dynamic viscosity in g cm −1 s −1 of the solution, respectively [39] .
The specimens were anodized at 30 V by increasing the potential from zero to the desired value at a rate of 200 mV s −1 , followed by keeping the end potential for 3 hours.
To compare the electrochemical and photoelectrochemical behavior of TiO 2 nanostructures with that of a compact TiO 2 layer, this layer was obtained anodizing the titanium rod in the same electrochemical cell, i.e., using platinum as counter electrode in 1M H 2 SO 4 at 30 V for 20 min under stagnant conditions.
After each test, a field-emission scanning electron microscope (FE-SEM) was used for morphological characterization of the obtained samples. For electrochemical (EIS and M-S measurements) and photoelectrochemical water splitting measurements, the asformed TiO 2 layers were annealed in a furnace at 450 °C (heating at 30 ºC s -1 ) in air for 1 h. The materials were also examined by Raman spectroscopy ("Witec Raman microscope") after the heat treatment, in order to evaluate their crystalline structure. For these measurements, a 632 nm neon laser with 420 W was used.
For the electrochemical and photoelectrochemical water splitting tests, a three-electrode configuration was used. Additionally, an increase in the rotation rate made nanosponges thicker (from 2 to nearly 3.5 m). The formed nanosponges have pore openings of roughly 50 nm.
Raman Spectra
As an example, Figure 3 shows the spectra of as-prepared and annealed increasing Re values. Furthermore, two peaks are perfectly discernible from Bode-phase plots, the peak at low frequencies being always higher than that at high frequencies, regardless of the value of Re.
EIS measurements
Experimental EIS data can be represented with an electrical equivalent circuit made up of two RC time constants associated in series ( Figure 5 ). This equivalent circuit has been used in the literature to model the impedance data of compact and nanoporous TiO 2 films [7, 8, 14, 27, 34, 43] . Constant phase elements (CPEs) have been used instead of pure capacitors to account for frequency dispersion and non-ideality. CPEs have been converted into pure capacitances, C, by using the following equation [44, 45] :
where Q is the impedance of the CPE and R corresponds to R 2 when determining capacitance values of the second time constant in Figure 5 . To determine C 1 from CPE 1 , R has been calculated as follows:
The values of the equivalent circuit parameters are shown in Table 1 , where R S is always the electrolyte resistance. In the case of the compact TiO 2 film the time constant at high frequencies (R 1 CPE 1 ) is related to the outer layer of the passive film, and the low-frequency behavior is attributed to the inner layer of the film, more compact than the outer one [42, 43] . In the case of the nanostructured layer to a porous layer [7, 27] . charge carriers in the nanosponges [35] , as it will be verified later with Mott-Schottky analysis. Table 1) .
Mott-Schottky analysis
The donor density, N D , can be determined from the positive slopes of the straight lines in the M-S plots using the Mott-Schottky equation for an n-type semiconductor.
Although the M-S equations were derived based on a flat electrode, this analysis has been widely used to irregular geometries with porous surfaces such as nanostructures [ [4, 16, 54] . If the depletion layer is very thin, photons can penetrate beyond this layer and light will be absorbed in the bulk semiconductor, where the electrical field is absent [4, 16, 54, 55] . The lack of an electrical field prevents the photo-excited electron-hole pairs from being effectively separated, thus increasing the probability of recombination [4, 16, 27, 54] . Furthermore, oxygen vacancies in TiO 2 have been found to act as recombination centers for electron and holes, playing a critical role in the trapping process: an excess of oxygen vacancies will result in more photogenerated electrons being trapped thus decreasing their contribution to the photoelectrochemical processes [37, 56, 57] .
The recombination probability is also affected by the flat-band potential, ϕ FB , which is the potential that needs to be applied to the semiconductor to reduce the band bending to zero, that is, at this potential there is no depleted space charge layer. The ϕ FB value is related to the potential drop at the depletion space charge layer, ϕ SC , and the applied external potential, ϕ A , according to:
Assuming a constant value of ϕ A , the higher and more negative the value of ϕ FB , the higher the value of ϕ SC and, consequently, the stronger the electrical field within the depleted space charge layer, which is the driving force to separate the photogenerated electron-hole pairs. Therefore, to reduce the recombination probability ϕ FB should be high and negative [16, 37] .
Values of ϕ FB can be determined from the intercept of the straight line in M-S plots with the potential axis. These values for the compact TiO 2 film and for the different nanostructures are also shown in to a larger band bending and electrical field within the depleted space charge layer [22, 26, 37] . Therefore, from the point of view of the charge recombination probability, these results indicate that this probability is lower in the case of the nanosponges. It is known that a large population of surface-active sites due to the increase in thickness in the nanosponges will lead to the enhanced rate of the photoelectrochemical reaction over the photoelectrode [28, 58] . In order to know if the photocurrent increase was due to the higher thickness of the nanosponges or due to its intrinsic morphology which could proporcionate a high surface area, photocurrent transient vs potential curves were performed for thicker nanotubes (~4 m, anodized at 55V in ethylenglycol based electrolytes with 2 wt. % of water and 0.1M of NH4F and annealed at 450 ºC). Figure 8 shows that the photocurrents obtained for the nanotubes are lower than for the thicker nanosponges (obtained at Re = 400). In fact, the photocurrent obtained for the nanotube morphology is lower than the obtained for the rest of thinner nanosponges. This confirms the suitability of the nanosponge morphology for photocatalysis purposes.
Photoelectrochemical water splitting measurements
Furthermore, the maximum and minimum for light on and light off shown in Figure 7 describe two competitive processes, i.e., the former related to the generation of electronhole pairs at the semiconductor/electrolyte interface and the latter to the recombination of theses pairs [2, 4, 16, 59, 60] . Figure 7 shows that the initial anodic peak (maximum) is present for all the nanosponges and nanotubes. On the other hand, when the light is switched off, a cathodic peak is observed only for the nanotubes and for the nanosponges synthesised at the lowest Re (Re = 100), due to the recombination of the conduction band electrons with the holes trapped at the surface, consequently decreasing their photocurrent response.
It is remarkable that for both nanotubes and nanosponges, the photocurrent under illumination increases with the applied potential until a potential value of -0.2 V whereas for the compact layer photocurrents remains almost constant from the beginning of the tests. On the other hand, a dark current remains very low in all the studied samples.
Additionally, it is important to highlight that the nanosponges obtained under hydrodynamic conditions do not deteriorate with time. Figure 9 shows as an example, the photostability in 1 M KOH solution during 1 hour of the different nanostructures holding at 500 mV the potential under AM 1.5 illumination. From Figure 9 it can be clearly observed that nanosponges synthesized at higher Reynolds numbers are stable with time.
CONCLUSIONS
The use of controlled hydrodynamic conditions during titanium anodization generates a 
